The paper presents a decision support tool for transient stability preventive control contributing to increased situation awareness of control room operators by providing additional information about the state of the power system in terms of transient stability. A timedomain approach is used to assess the transient stability for potentially critical faults. Potential critical fault locations are identified by a critical bus screening through analysis of pre-disturbance steady-state conditions. The identified buses are subject to a fast critical contingency screening determining the actual critical contingencies/buses. These two screenings aim at reducing the computational burden of the assessment, since only contingencies considered as critical are taken into account. The critical clearing times for the critical contingencies are determined. A preventive re-dispatch of generators to ensure a predefined minimum critical clearing time for faults at all buses is proposed, while costs are minimized. The results of the assessment are presented to the control room operator, who decides to accept the suggested dispatch or to repeat the assessment considering additional user-specific constraints. The effectiveness of the proposed method is demonstrated on a standard nine-bus and the New England test system.
Introduction
Observability of power systems has to be increased to improve the situation awareness of control room operators. Situation awareness is a key aspect in maintaining power system security, because it enables anticipation of critical conditions and effectively set preventive actions to mitigate them [1, 2] . Lack of situation awareness was several times identified as one 5 of the major causes for large power system blackouts [3, 4] . Various problems with situation awareness are related to missing information, i.e. the control room operator is not provided with the needed information [5] [6] [7] . Therefore, appropriate monitoring, visualization and decision support tools have to be developed to support the decision making process and to prevent or properly respond to electrical incidents in order to maintain power system 10 stability [8, 9] . Dedicated decision support tools are needed to facilitate the incorporation of high shares of renewable energy sources (RES) while keeping the power system operative and stable [10] . However, in this work, RES are not included in the analysis intentionally, as the work is mainly concerned with improving the calculation methods for a required re-dispatch.
Since a considerable amount of the RES are converter driven (e.g., photovoltaic and wind 15 turbines), they cannot lose synchronism as they are usually synchronized to the grid by a phase-locked loop. Moreover, due to advanced capabilities, such as voltage support during fault-ride-through situations, RES can contribute positively to maintain transient stability.
Transient stability is an important aspect of power system stability since it describes the ability of a power system to withstand large disturbances and keep synchronism [11] . 20 Maintaining synchronism means that all synchronous generators (SGs) in a system operate at the same rotor speed and none of them falls out-of-step by accelerating or decelerating with respect to the other SGs. Transient instability can lead to widespread outages due to unintended tripping of protection devices which could trigger a cascaded breakdown of the power system [12] . Hence, it is crucial to assess the transient stability of power systems 25 online on a grid-wide basis and set preventive actions if issues are identified [13, 14] .
The paper presents a novel online decision support tool for transient stability preventive control, building on experiences of previous tools. The proposed tool takes into account the current grid state and analyzes the grid's capability to withstand three-phase faults for a user-specified duration (desired limit, minimum critical clearing time (CCT), further called 30 CCT lim ) at the most severe locations (buses) of the grid. A time-domain (TD) approach is used to assess transient stability on a grid-wide basis. To reduce the computational burden of the TD simulations, a critical bus screening (CBS) and fast critical contingency screening (FCCS) are carried out prior to the assessment. The CBS identifies potentially critical buses with regard to three-phase faults, by means of pre-disturbance conditions without 35 the need for TD simulations. The FCCS determines the actual critical buses within the set of potentially critical buses by checking whether the system can withstand a threephase fault for user-specified limit without any SG losing synchronism. This results in a yes/no decision, which eventually determines the critical buses. To achieve the desired minimum CCT for all critical buses, the needed dispatch of SGs is determined. The power is 40 dispatched by means of an optimal power flow (OPF) calculation minimizing the generation costs while respecting technical constraints, such as generators' capacity, maximum line flows and bus voltage limits. Since the method aims at proposing a preventive generation re-dispatch, which ensures that the stability margins in the current operating point are sufficient, the ramp rates of generators are not considered in the OPF. As the preventive 45 control is applied before a contingency occurs, the consideration of costs is an important factor in the assessment. The results of the assessment in terms of needed re-dispatch and associated costs are presented to the control room operator who has to decide whether the proposed re-dispatch is applied or not. The operator may also introduce additional constraints, e.g. the unavailability of generators to take over the dispatched power. The 50 dispatch procedure is re-run, takes into account the additional introduced constraints and delivers a new dispatch proposal. The approach guarantees a minimum CCT for all buses of the power system and, thus, a sufficient transient stability margin.
The main scientific contribution of the paper is twofold. Firstly, a novel fast converging technique to determine the needed dispatch for re-establishing a predefined stability level 55 is presented. Secondly, the paper elaborates on the combination of the transient stability assessment, the dispatch determination and the critical contingency analysis to enable an online application of the approach. This section intends to summarize preventive transient stability approaches found in the literature. Moreover, the relation between transient stability assessment and OPF calculation are discussed as both items appear in this work. At this point, only re-dispatch of SGs is discussed as a possible counteraction, whereas many other actions can be applied to enhance transient stability, e.g. load shedding, increase of bus voltage and transmission gramming problem. In the sequential approach, transient stability constraints are derived from TD simulations and directly converted into conventional constraints of standard OPF 100 calculations, e.g. maximum active power setpoints of the generators. The advantages of the sequential approach are that the OPF can be solved with a standard OPF solver and the flexibility of choice of the receiving generators for the dispatch. Opposed to these advantages, however, the sequential approach does not guarantee optimality which, therefore, makes the global approach more appealing from a conceptual perspective [18] . 105 Since this paper aims at providing a tool for transient stability preventive control from the operator's perspective, the problem is seen from a different angle. The tool should inform the operator about insufficient transient stability margins and support the operator's decision making by suggesting an appropriate dispatch to achieve the defined stability margin. An interesting transient stability assessment approach for preventive control, that incorporates 110 the critical contingency filtering and ranking method from [29] , was proposed in [19, 24] . A sequential approach, based on SIME, has been developed in the mentioned work. Opposed to that, the approach proposed in this manuscript takes into account the full multi-machine system without the need to transform it into an OMIB system. Moreover, in the proposed approach only 2-3 CCTs need to be calculated to determine the dispatch of a generator. 115 
Transient Stability Preventive Control -Brief Summary and Relation to the

Description of the Transient Stability Preventive Control Approach
In emergency control, the incident already occurred and the main aim is to safe the system. Opposed to that, the objective of preventive control is to prepare the power system for future uncertain events which may occur. The system has to be operated and maintained in a state, where it is able to withstand and handle disturbances satisfactorily. Therefore, 120 in preventive control economic aspects have to be taken into account. The system operator would usually refuse to take expensive countermeasures against contingencies that may occur [30] and, thus, a trade-off solution between costs and security has to be found.
The proposed approach for transient stability preventive control utilizes TD simulations, which consider the full dynamics of the power system to calculate the minimal power to be defined stability margin in terms of CCT. Since TD simulations require high computational power and the method aims at supporting control room operators in taking their decisions, a CBS is carried out prior to the assessment. As the economic aspect for preventive dispatch is of crucial importance, consecutive OPFs are carried out to minimize generation 130 costs while respecting the technical constraints. That approach enables to derive the best trade-off solution to support the control room operator in its decision making. Moreover, the specified stability limit (minimum CCT) is satisfied and secure operation in terms of transient stability is guaranteed. In this work, the minimum desired CCT (CCT lim ) is assumed to be 200 ms. That is a reasonable limit, since it can be assumed that the protection equipment will detect and clear the fault by opening the breakers within this time span [31] .
The flow chart of the proposed transient stability preventive control approach is shown in 
Physical Grid
This block represents the real physical grid, for which the transient stability control is applied. The feedback from the decision support block represents the interaction of the control room operator with the physical grid. The control room operator has to decide and 6 approve whether the proposed dispatch is applied to the system or additional constraints 145 are to be considered in the assessment leading to a new dispatch recommendation.
System Snapshot
A system snapshot is needed to update the TD simulation model with the current system state. Two variants are proposed to obtain a system snapshot. In the first variant, the needed data is extracted from the SCADA system. The needed data includes: breaker 150 status, generation output, activation of capacitor banks, RES generation, line flows and further relevant data. Phasor measurement units (PMUs) are another option to obtain a system snapshot, but that assumes full observability of the power system by PMUs. In case, the needed data is not fully available from either of these sources, a hybrid approach could be used by combining SCADA and PMU data to obtain a full system snapshot [32] . 155 
Critical Bus Screening (CBS)
Based on the current system snapshot, a CBS, which aims at determining the most critical fault locations, is carried out prior to the update of the simulation model. Here, the focus is on assessing bus bar faults. Therefore, in the following the term critical buses is used, instead of the more generic term critical fault location. The CBS analyzes the pre-160 disturbance conditions and filters out the potentially critical buses with regard to three-phase faults. No TD simulations are needed for the CBS, hence, the needed computational time for further assessment is reduced, as only the set of potentially critical buses is considered.
The CBS method is based on the work in [33] [34] [35] . A heuristic approach is used to identify the buses which are regarded as most critical. Buses are scanned for three criteria indicating 165 their criticality. Only buses which satisfy all three criteria are regarded as critical and qualify for the analysis in the TD simulation.
Criterion 1 -Bus Properties: Criterion one consists of two sub-criteria. The voltage level of the bus V bus has to be above the specified threshold V min . Only (extra) high voltage buses are considered because faults at higher voltage levels are more severe than at 170 lower voltage levels. Moreover, the number of buses to be considered in the assessment is drastically reduced by excluding low and medium voltage buses.
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The bus must be connected to at least one other bus by at least two in-service transmission lines (ln ≥ 2). If buses would be only connected by one transmission line, the fault clearing by opening the breakers of the line would isolate the generator and it would lose 175 synchronism due to the separation from the main grid. Therefore, these buses are excluded as switching of the breakers following a fault would always cause a loss of synchronism. The criteria of the CBS, including the thresholds, suggested by the authors of [33] [34] [35] , are summarized in Table 1 . 
Update of Simulation Model
The simulation model, which represents the real power system, has to be updated with 205 data from the current system snapshot. The data includes generator schedule, breaker status, dispatch of capacitor banks and RES generation. The updated simulation model is then ready to be used in the TD simulation. Additionally, the results of the CBS are saved in a list which contains the identified critical buses. Only these buses are considered in the assessment. 210 
Transient Stability Assessment and Dispatch Scheme
The potentially critical buses are analyzed in the transient stability assessment and dispatch scheme, which is based on a hybrid approach using an estimation of dispatch, combined with TD simulations. The flow chart of the dispatch procedure is shown in Fig. 2. The goal of the proposed procedure is to determine the dispatch volume which is needed 215 to achieve the desired CCT and, therefore, return the system in safe state, while respecting technical constraints and minimizing costs.
FCCS:
In the first step, a FCCS for the previously identified potentially critical buses is carried out using TD simulations. The goal is to identify the buses which are in fact critical and sort out the non-critical ones. The FCCS delivers a yes/no decision whether the system 220 can withstand a three-phase fault with CCT lim at the potentially critical buses without generators losing synchronism. This indicates whether the CCT of a three-phase fault at a Step IV ) of the desired CCT, the final FCCS is executed with the lower limit of the accuracy range, i.e. CCT lim − 5 ms. If the FCCS identifies violations of CCTs, the procedure starts again from the CCT determination.
Secure operating state: If no further violations are identified, the procedure is completed and the results are presented to the control room operator. 255 
Visualization and Decision Support for the Control Room Operator
The results of the transient stability assessment and the proposed dispatch are presented in comprehensive but condensed form to the control room operator as shown in Fig. 7 and   9 . The situation awareness of the control room operator is increased as the stability margin is displayed graphically and the buses, at which the CCT is below the limit, are shown in 260 a table format. Additionally, the generators and their respective dispatch to achieve the desired stability margin are shown numerically. Furthermore, the associated costs of the proposed dispatch are stated. If the proposed dispatch does not meet the requirements of the operator for some reason, e.g. one of the selected SGs is not available for the re-dispatch, the operator has the possibility to interact with the decision support system by blocking the 265 power setpoint of the specific SG and restart the dispatch procedure in order to get a new dispatch proposal considering the special requirement.
The amount of information presented to the control room operator is kept low in order not to overload it and to facilitate fast understanding of the condition. Moreover, warning signals could be generated when the CCT is below a specified limit, e.g. 200 ms. Different 270 levels of severity can then be added depending on the size of the critical unit. If there is a need for in-depth information, the control room operator should be given the possibility to access the underlying data, e.g. reactive power set points.
Dispatch Procedure in Detail
Step I
275
The dispatch procedure starts with the SG that is associated with the contingency with the lowest CCT. The initial power setpoint of the SG and the respective CCT is noted. The two variables of the initial condition are called P init and CCT init , respectively.
Step II
The maximum power setpoint of the SG which satisfies the minimum desired CCT limit has to be determined. Since it cannot be calculated analytically for multi-machine systems, a TD approach using an estimation of the dispatch is proposed. To get the first estimation, it is proposed to use the linear approximation, which is shown in Fig. 3 , where η represents the ratio between initial and desired minimum CCT shown in (1) , and m the dispatch estimation factor, which is used to calculate the estimated power setpoint P est from the initial setpoint P init , shown in (3). The idea behind the linear approximation of the active power dispatch from the CCT ratio originates from the fact that the relationship is almost linear, but not exactly known unless several Power-CCT pairs are determined. Since the calculation of several Power-CCT pairs poses a computational burden, an alternative approach is presented in this paper. Certainly, the relationship between the active power output of generators and the CCT is not perfectly linear, as various parameters are influencing the CCT. However, the proposed estimation method is only an intermediate step in the dispatch procedure, which showed to be very handy to get a first guess of the required dispatch. The exact dispatch is calculated in the subsequent steps of the procedure. The proposed relationship of m and η shown in Fig. 3 and (2) was determined heuristically, by simulation of numerous scenarios with different grid configurations, and was found suitable for the two presented case studies while it may need to be adjusted for different grids. (2)
Step III Step IV After obtaining the new active power setpoints through the OPF calculation, the CCT for the new load flow condition is calculated and the respective CCT is straightforwardly 295 called CCT est . As the power setpoint is only an estimation, the respective CCT will (most likely) not match CCT lim . Therefore, a linearization between the initial and actual setpoint is conducted and the next active power setpoint P est is obtained from the inter-or extrapolation as shown in Fig. 4 . CCT est for the new setpoint P est is determined and the procedure is terminated if CCT est lies between ±5 ms of CCT lim . This ±5 ms accuracy band is suggested 300 in order to avoid too many iterations.
Case Study
The capabilities of the approach are demonstrated by using two well-established benchmark grids. Firstly, the approach is applied to the nine-bus system shown in Fig. 6 to highlight the steps of the procedure while keeping the complexity low. Secondly, by using 305 the New England system, shown in Fig. 8 , it is shown that the approach is robust when taking into account a larger grid with numerous components and complex dynamic behavior. In both studies, the initial operating point is determined by an OPF, minimizing the costs of generation using three standard cost functions shown in Fig. 5 . Starting from that 310 point, the transient stability preventive control approach is carried out for both benchmark grids. The CBS is only carried out for the New England system since its aim is to reduce the number of considered buses. Loads are modelled as voltage and frequency dependent (P = const. current, Q = const. impedance, f p = 1.5, f q = -1) [37] . The voltage dependence is defined according to the ZIP definition, the frequency dependence is linear and the 315 parameters are set according to the common practice for stability studies [38] .
Case Study 1: Nine-Bus System
The nine-bus system, including the parameters of the elements, was firstly introduced in [39] . Only minor changes were made, such as the frequency which was set to 50 Hz and Table 2 shows the most important variables, such as active power, loading and costs during the different steps of the dispatch procedure. Initially, G 2 and G 3 are operated at their maximum active power limit, whereas G 1 is less loaded, which 325 is expected due to their cost functions. The starting point of the procedure is the FCCS, as the CBS is not appropriate for this small grid. In the following paragraphs, the procedure is explained stepwise. The labels of the steps correspond to the ones in Section 3 and 4.
FCCS:
The FCCS identified the buses six, seven and nine as critical, because SGs are losing synchronism. hence, considered to be critically low.
Dispatch of G 3
Step I: The dispatch starts with the lowest CCT and its associated SG, which is in this case at bus nine (CCT (Bus 9) = 0.149 s) and is caused by G 3 .
Step II: The power setpoint is estimated according to (1) Step III: The estimated power setpoint for G 3 is fixed in the OPF calculation. Since 340 G 2 is also critical due to low CCT, the maximum active power is constrained to its initial value. It has to be emphasized that it is important to constrain critical SGs to their initial power setpoints since a dispatch to the critical SGs would decrease the CCT even further.
Step IV: Given the newly obtained load flows, the CCT for bus nine is determined and CCT As CCT (Bus 9) est lies inside the accuracy band of ±5 ms, the dispatch of G 3 is finished.
After the dispatch of G 3 , the next SG has to be dispatched. CCT (Bus 7) is equal to 0.159 s and the associated SG is G 2 . Since one SG has already been dispatched, the CCT of bus seven has to be calculated again before starting the procedure.
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Dispatch of G 2
Step I: The CCT of bus seven after the dispatch of G 3 is already higher than initially and is equal to CCT (Bus 7) = 0.175 s while the active power setpoint is still 163.20 M W .
Step II: By applying (1)-(3), the estimated power setpoint P (G 2 ) est results in 153 M W .
Step III: The OPF calculation is carried out with the active power setpoint of G 2 fixed 355 to 153 M W and G 3 to 91.96 M W , which was determined by the dispatch procedure of G 3 .
Step IV: The CCT for bus seven for the new load flow is CCT elevated, so that all CCTs in the system meet the specified limit. The CCTs of bus seven and nine are exactly at the limit, i.e. that only the minimal necessary amount of power has introduced dispatch approach is robust and can be applied to larger grids. Similar to the nine-bus system, a few minor changes were introduced to the system described in [40] . In this case, nominal frequency was also set to 50 Hz and all generators are operated in PV mode with voltage setpoints of 1.02 pu. G 1 serves as slack generator. In this case study, all elements of the transient stability approach, including the CBS, are shown.
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CBS:
The used thresholds of the CBS and the identified buses, which are considered as potentially critical, are shown in Table 3 . Thirteen out of 39 buses are identified to be potentially critical, i.e. only one third of the buses has to be considered in the further assessment, which significantly reduces the computational burden.
FCCS:
The FCCS identified the buses 21, 22, 23 and 29 as critical as shown in Table 3 . 29 (G 9 ), respectively. All CCTs are below the specified limit (as expected) and considered critically low. Step I: The dispatch starts again with the lowest CCT, which is 0.137 s at bus 22, caused by G 6 . Therefore, the initial active power setpoint and the associated CCT are noted.
Dispatch of G 6
Step II: The estimated dispatch is calculated by using (1) Step III: The estimated power setpoint for G 6 is fixed in the OPF calculation. Since G 7 and G 9 are also critical, they are not available for re-dispatch and, thus, their active power setpoint is limited to the initial one.
Step IV: Given the newly obtained load flow, the CCT is determined and it is equal to CCT 
Dispatch of G 7 and G 9
After the dispatch of G 6 , the same procedure is carried out for G 7 and G 9 , which is shown in Table 4 . Discussion of Case Study 2: Table 4 shows the active power setpoints and its result-ing CCT throughout the re-dispatch procedure. The procedure for all three SGs converged within one iteration. The estimated setpoint for G 7 was already correctly approximated and the linearization between initial and new condition was not necessary. The CCTs and active power dispatch of the initial condition and after the dispatch procedure are summarized in 410 Fig. 9 . It can be seen that all CCTs meet the specified limit after the successful dispatch.
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The CCTs at bus 23 and 29 are exactly at the limit, whereas bus 22 is even more elevated than it was actually determined. Due to the close proximity of G 7 to G 6 , the dispatch of G 7 also affected the CCT at bus 22. Due to the influence of the generators in close proximity, only a near optimal solution is found which illustrates one of the drawbacks of the sequential 415 approach. 
Evaluation of Execution Time of the Assessment
It is of crucial importance that the decision support tool delivers results within a reasonable time, irrespectively of the size and complexity of the power system. Therefore, the execution time for the nine-bus, New England and for the IEEE 118-bus test system, found 420 in [41] , is analyzed. The execution times of the blocks in the flow chart of Fig. 2 including the CBS of the New England system are reported in Table 5 .
In order to make the results comparable, the shown execution times are expressed as execution time per critical bus fault location. The total execution time of the different 20 process steps is divided by the number of assessed buses for which it is carried out. times increase with increased grid size. The presented execution times have not been optimized and have been achieved on a standard laptop (quad-core i7 4600, 8 GB RAM) with PowerFactory V 15.2 and Matlab 2016b software. Therefore, one should keep in mind that the execution time will be reasonably lower with more powerful units such as the ones used in control rooms. Moreover, the 440 implementation of the assessment has significant impact on the execution time, e.g. the authors of [42] claim that they can assess the CCT of 39.000 buses within minutes, hence, the authors expect that an efficient implementation of the presented approach, paired with more powerful hardware, will result in acceptable execution times suitable for online application.
According to [19] , an execution time within 15 min is seen as a reasonable time horizon for
Conclusion
The paper presented a decision support tool for control room operators for transient stability preventive control. A novel dispatch procedure for multi-machine systems was introduced. OPF calculations were used to re-distribute the dispatched power while costs 450 are minimized. The sequential approach delivers a near optimal solution in terms of cost minimization. However, the transient stability assessment is carried out transparently and therefore, the control room operator is presented with a traceable dispatch proposal. In order to reduce the computational burden of the approach, the dispatch procedure is complemented with a preceding CBS and a FCCS to reduce the number of buses to be considered 455 in the assessment. Case Study 2 showed that the number of buses can be significantly reduced by applying the CBS and FCCS. The proposed approach shows to be robust when applied to larger power systems. The execution time of the process steps was evaluated for different network sizes. It showed that the FCCS and CCT determination are the two most contribution factors to the overall execution time. However, the execution times have been 460 achieved on a standard laptop (quad-core i7 4600, 8 GB RAM). Considering more powerful hardware used in control rooms and efficient implementation, the authors anticipate acceptable execution times suitable for online application of the tool. In this work, only the minimization of costs, considering technical constraints, was the objective of the OPF calculation. Of course, the OPF calculation can be extended to include multiple objectives, 465 such as grid losses in addition to generation costs. Multi-objective minimization was not considered in this work since the objectives of the minimization depend on the specific power system operator and the OPF calculation can be adapted within the approach in order to meet user-specific needs. Special attention has to be paid to load modeling due to its great impact on the results in terms of CCT. The load behavior of the considered system has to 470 be known in order to achieve realistic results. In fact, incorrect load modeling will result in significant differences in the determined CCT and, therefore, in the calculated dispatch.
It was shown, that the dispatch procedure converges usually within one iteration. In worst case, it requires a second iteration to converge. Future work will investigate the sensitivity of the proposed approach to load modeling. Moreover, an in-depth analysis of the expected 475 execution time for larger and more complex networks will be carried out.
